Partitioning of the genome requires kinetochores, large protein complexes that mediate dynamic attachment of chromosomes to the spindle. Kinetochores contain two supramolecular protein assemblies. The ten-protein KMN network harbors key microtubule-binding sites in the Ndc80 complex and mediates assembly of checkpoint complexes via the KNL-1/Spc105 protein [1, 2] . As KMN does not contact DNA directly, it relies on different centromere-binding proteins for recruitment and cell-cycledependent assembly. These proteins are collectively referred to as the CCAN (constitutive centromereassociated network) [2] [3] [4] . The molecular mechanisms by which CCAN subunits associate, however, have remained incompletely defined. In particular, it is unclear how CCAN subunits facilitate the assembly of a microtubule-binding interface that contains multiple Ndc80 molecules bound to different receptors [5] . Here, we dissect molecular mechanisms that underlie targeting of the CCAN subunit Cnn1/CENP-T to the sequence-determined point centromeres of budding yeast. Systematic quantitative mass spectrometry experiments reveal association dependencies within the yeast CCAN network. We show that evolutionarily conserved residues in the histone-fold domain of Cnn1 are required for the formation of a stable five-subunit CCAN subassembly with the Ctf3 complex. Cnn1 localizes in a Ctf3-dependent manner to the core of the yeast point centromere, overlapping with the yeast CENP-A protein Cse4. By arranging the N-terminal domains of the CCAN subunits Mcm16, Mcm22, and Cnn1 into close proximity, the Ctf3c-Cnn1-Wip1 complex configures a composite interaction site for two molecules of the Ndc80 complex. Our experiments show how cooperative assembly mechanisms organize the microtubule-binding interface of the kinetochore.
RESULTS AND DISCUSSION
While most CCAN members lack clearly identifiable structural motifs, the four subunits CENP-T, -W, -S, and -X contain histone-fold domains [6] , an ancient structural element found not only in nucleosome-forming core histones but also in various other chromatin-associated proteins. CENP-T and -W form a DNA-binding heterodimer [7] and, additionally, can associate with CENP-S and -X into a heterotetrameric particle. It has been proposed that CENP-TWSX might form an alternative nucleosome at the centromere (''CENP-T nucleosome model'') [6] . Of the four proteins, only CENP-T extends the histone-fold domain with an N-terminal tail that harbors an interaction site for the Ndc80 complex ( Figure 1A ) [5, [8] [9] [10] [11] . Recent experiments have suggested that CENP-T might contribute not only to the direct binding of the Ndc80 complex but also to the recruitment of the KMN network [12] [13] [14] . This additional function appears to require the CCAN (constitutive centromereassociated network) subcomplex CENP-H,-I,-K,-M, a four-subunit assembly with an important role in the formation of human kinetochores [15] .
Budding Yeast Cnn1
CENP-T Is Functionally and Physically Associated with the Ctf3 Complex We used our previously developed artificial kinetochore assay to analyze molecular requirements for yeast Cnn1 CENP-T in facilitating plasmid segregation [16] . To this end, we quantitatively analyzed the segregation of an acentric tetO plasmid provided by Cnn1DHF-TetR in a collection of individual CCAN deletions. We found that deleting subunits of the Ctf3 complex (Ctf3, Mcm16, and Mcm22) reduced the mitotic stability of the tetO plasmid in the presence of the Cnn1DHF-TetR, as did deletions of the CENP-N and -L homologs Chl4 and Iml3 and deletions of the two non-essential subunits of the COMA complex, Ctf19 and Mcm21 ( Figure 1B) . By contrast, deletions of Nkp1 and Nkp2, as well as deleting Wip1 or the endogenous copy of Cnn1, did not have an impact on Cnn1DHF-TetR-mediated plasmid segregation.
To define Cnn1's physical associations within the kinetochore, we sought to characterize the native yeast CCAN network. We have previously shown that affinity purifications of Ame1 CENP-U are highly enriched for all other CCAN subunits [17] . We quantified the abundance of individual CCAN subunits in the Ame1-Flag purification in a wild-type strain and compared it to deletion mutants in non-essential subunits using the SWATH methodology [18] (Figures 1C and 1D ). This analysis defined an association hierarchy for soluble CCAN complexes with the Ame1 bait. Specifically, deletion of either Ctf19 or Mcm21 diminished the association of seven additional CCAN subunits to background levels; these comprised the Chl4-Iml3 complex, the three-protein Ctf3 complex [19] , and the Cnn1-Wip1 complex ( Figure 1C ; Data S1). By contrast, deleting either Chl4 or Iml3 retained the association of Ctf19-Mcm21 with the Ame1 bait but prevented co-purification of the Ctf3 complex and the Cnn1-Wip1 complex. Removing any subunit of the Ctf3 complex prevented association of its two partner subunits with the Ame1 bait and also eliminated co-purification of the Cnn1-Wip1 complex ( Figure 1D ). Specifically, we tested whether the dependency of Cnn1-Wip1 on the Ctf3 complex was the result of a direct physical interaction. We co-expressed the Cnn1-Wip1 complex with the Ctf3 complex in Sf9 insect cells and purified the proteins using a 6xHis-tag fused to the N terminus of Cnn1. This strategy isolated a stoichiometric five-subunit complex (Figure 2A ), which could be purified to homogeneity via Ni-NTA (nickel-nitrilotriacetic acid), ion exchange, and size exclusion chromatography (SEC).
The complex eluted as a single species close to its predicted molecular weight of 180 kDa, and band intensities on Coomassie-stained gels were consistent with a 1:1:1:1:1 stoichiometry ( Figure 2A) . A proximity map of the recombinant Ctf3c-Cnn1-Wip1 assembly generated by cross-linking mass spectrometry (MS) [20] revealed that the N terminus of Cnn1 was connected by a dense network of cross-links to the N termini of the subunits Mcm16 and Mcm22 ( Figure 2B ). Cross-links were mapped throughout the entire N-terminal domain of Cnn1 from residues Lys 6 to Lys 90 , including the Ndc80-binding motif ''A'' (Data S2). The topology map further showed that lysine residues along the entire length of Ctf3 were located in proximity to the Cnn1 N terminus, suggesting that Ctf3 might embrace and potentially stabilize the Ndc80-binding domain of Cnn1.
To identify elements required for complex assembly, we expressed the N-terminal domain of Cnn1 (residues 1-287) and a heterodimeric complex of the histone-fold domains (Cnn1 -Wip1) separately and tested them in pairwise SEC interaction assays ( Figures S1A-S1C ). This analysis indicated that the histone-fold domains were sufficient to associate stably with the Ctf3 complex, while the N terminus of Cnn1 by itself failed to engage with any other CCAN complex. Characterization by SEC indicated that the histone-fold domains were sufficient to form a stable complex with Ctf3c ( Figures 2C and 2D ). The lack of cross-links between the histone-fold domains and Ctf3c in the lysine proximity map may be due to inaccessibility of the relevant interface. Conversely, interactions involving the isolated Cnn1 N-tail and Ctf3c might be too weak to allow detection by SEC. To ask whether the histone-fold domain of Cnn1 is also required for the association with the Ctf3 complex in yeast extracts, we performed co-immunoprecipitation (coIP) experiments from nocodazole-arrested cells. While deletion of the conserved motifs ''A'' (amino acids [aa] 64-79) or ''BC'' (aa 130-166) did not affect the association with the Ctf3c subunit Mcm16, this interaction was abrogated in the histone-fold deletion mutant ( Figure 2E ). We extended this experiment to quantify all proteins that associate with Cnn1 wild-type or the different mutants by SWATH-MS ( Figure S1D ). We found that the deletion of motif ''A'' strongly reduced the association of the Ndc80 complex and the Dam1 complex, while it had only a minor effect on CCAN subunits. The Cnn1DHF mutant, however, prevented co-purification of all other CCAN subunits, while binding to the Ndc80 complex was retained.
The Conserved C-terminal Extension of the Cnn1 Histone-Fold Domain Is Required for Interaction with the Ctf3 Complex The histone-fold domain of Cnn1 can be further subdivided into a core comprising the prototypical a1, a2, and a3 helices [21] and an extension formed by two additional short helices a4 and a5. Analysis of the published chicken CENP-TW structure [6] showed that this extension projects away from the TW heterodimer, making it a candidate for a binding interface with other proteins ( Figure 3A) . We identified conserved residues, which are not engaged in interactions with CENP-W but rather exposed to the solvent. In particular, we created a triple-point mutant in which the residues Glu346, Leu350, and Glu351 were mutated to Ala, Asp, and Ala, respectively (mut1) ( Figure 3B) . Expression of the Cnn1 triple-point mutant in insect cells and purification via the 6xHis-tag showed that the protein retained association to Wip1 but was unable to co-purify the Ctf3 complex ( Figure 3C 
between human CENP-HIKM and CENP-TW complexes [15, 22] . In accordance to the originally observed structural homology [7] , the usage of the extension helices of Cnn1 is structurally reminiscent of their role in the transcription factor protein NC2b, where they establish interactions with the TATA-box binding protein (TBP) [23] .
Cnn1
CENP-T Is Targeted to the Core of the Yeast Point Centromere in a Ctf3-Dependent Manner A prediction from the CENP-T ''nucleosome'' model [24] is that its binding to chromatin in vivo should occur spatially separated from the CENP-A nucleosome, as two different nucleosomal particles cannot occupy the same stretch of DNA. Alternatively, Cnn1 may co-localize with CENP-A to the core centromere. To distinguish between these possibilities, we performed chromatin immunoprecipitation (ChIP) against Cse4 and Cnn1, followed by deep sequencing of the associated DNA. Mapping back the ChIP/input density to the genome identified an enrichment of Cnn1 exclusively at the centromeres of all 16 yeast chromosomes ( Figure 3D ), confirming previous results obtained by ChIP on chip analysis [25] . The increased resolution of ChIP sequencing (ChIP-seq) allowed us to investigate the spatial distribution of Cnn1 around the centromere more closely ( Figure 3E ). The enrichment of Cnn1 did not extend for more than 100 bp to the left and right of the center of the centromere and was cellcycle dependent. It was barely detectable in cells arrested in the S-phase with hydroxyurea (HU), while strong enrichment was found in cells arrested with nocodazole in the M-phase or in late anaphase with the cdc15-2 allele. The enrichment profile of Cnn1 at a given centromere followed precisely the ChIP profile of Cse4 processed under identical experimental conditions (Figure 3E ; Figure S2 ). In a Ctf3 deletion mutant, enrichment of Cnn1 to the core centromere was strongly reduced, both in logarithmic or in nocodazole-arrested cells ( Figure 3E ). We conclude that the binding of Cnn1 occurs at the core of the yeast centromere and depends on the Ctf3 complex. We find no evidence that budding yeast Cnn1 forms an interface with chromatin by assembling into a nucleosome-like particle, and we could not detect an interaction between Cnn1-Wip1 and the CENP-S/X homologs Mhf1 and Mhf2 using recombinant proteins (Figures S1A and S1B). As we have previously reported co-purification of kinetochore subunits with Mhf1 in extracts [9] , this interaction may only occur under specific conditions. Our experiments do not rule out that DNA binding by Cnn1-Wip1 or by the extended Ctf3c-Cnn1-Wip1 See also Figure S1 and Data S2. 
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(legend on next page) complex makes a contribution to centromere targeting. Indeed, we show that the CENP-W homolog Wip1 is not required for complex formation with Ctf3c, yet its deletion reduces Cnn1 binding to kinetochores [9] . It is likely that a specific combination of protein-protein and protein-DNA interactions is required for proper targeting, as has been recently suggested for human CENP-T/W [22] .
The Five-Subunit Ctf3c-Cnn1-Wip1 Complex Promotes Cross-Linking of Ndc80 Molecules to Arrange a Microtubule-Binding Site SEC indicated that the five-subunit Ctf3c-Cnn1-Wip1 complex formed a stable association with the Ndc80 complex ( Figure 4A) . Interestingly, however, the stoichiometry of this association deviated from the 1:1 association of the Ndc80 complex with the Cnn1 N-terminal peptide ''A,'' which we had previously established by isothermal titration calorimetry (ITC) and structural analysis [5] . Instead, Ndc80c appeared over-stoichiometric compared to Ctf3c and Cnn1-Wip1. This was not the result of incomplete binding, as increasing the molar concentration of Ctf3c-Cnn1-Wip1 did not change the stoichiometry of the complex, whose formation saturated at a molar ratio of about 2 Ndc80c:1 Ctf3c-Cnn1-Wip1 ( Figure 4B ). Cross-linking MS indicated that Cnn1 and the Ndc80 complex formed an extensive interface (Figures 4C and S3 To visualize the binding of Ndc80c to the Ctf3c-Cnn1-Wip1 complex, we investigated fractions derived from SEC by lowangle platinum-carbon (Pt/C) rotary shadowing electron microscopy (EM). In the absence of Ctf3c-Cnn1-Wip1, the Ndc80 complex showed well-dispersed particles that displayed the previously described dumbbell shape [26] and one globular end often appearing slightly larger than the other ( Figure 4D ). In the presence of Ctf3c-Cnn1-Wip1, closer inspection indicated that, in a subset of particles instead of one, two globular domains were visible at one end of the complex, sometimes well separated from each other ( Figure 4E ). The paired globular domains appeared to correspond to the larger domain of the individual Ndc80 complexes. Two-headed complexes observed in the presence of the Ctf3-Cnn1-Wip1 complex had a significantly increased end-to-end length (81.5 ± 6.5 nm), compared to the single-headed complexes of the Ndc80c preparation (63.8 ± 6.3 nm) ( Figure 4F ). We propose that the two-headed complexes represent two Ndc80 molecules arranged into a parallel configuration. We found that the phospho-mimicking mutation Cnn1 S74D completely prevented binding of the Ndc80 complex to Ctf3c-Cnn1-Wip1 (data not shown), indicating that a functional binding motif ''A'' remains crucial in this context and that binding of multiple Ndc80c molecules likely occurs cooperatively.
Conclusions
In this study, we provide the first biochemical characterization of the yeast Ctf3 complex, whose subunits have originally been identified by genetic means [19] . We demonstrate that Ctf3c and Cnn1-Wip1 associate into a five-subunit assembly that forms a stable module in the kinetochore architecture. Our experiments suggest that the five-subunit Ctf3c-Cnn1-Wip1 complex is capable of binding two Ndc80 molecules ( Figure 4G ). It is interesting to note that, even in the absence of other binding proteins, Ndc80 complexes tend to arrange in ''clusters'' when bound to microtubules [27, 28] . The Ctf3c-Cnn1-Wip1 assembly may, therefore, stabilize intermolecular contacts between individual Ndc80 complexes to facilitate this arrangement. Positioning of two Ndc80/Nuf2 head domains at one end is ideal to enhance microtubule binding by coupling low-affinity binding sites into an array or ''sleeve,'' an idea originally proposed by Hill [29] . Cross-linking can, therefore, complement other mechanisms to promote microtubule binding by Ndc80, such as interplay with microtubule-associated proteins like the Dam1 complex [30, 31] or Stu2 [32] , or allosteric activation mechanisms [33] . Future experiments will have to characterize the interface between Ndc80c and Ctf3c-Cnn1-Wip1 in higher resolution and establish the stoichiometry quantitatively. Our findings provide an explanation for recent observations indicating that the N terminus of CENP-T is not fully stretched in vivo and that CENP-I localizes close to the Spc24 and Spc25 domains of the Ndc80 complex [34] . They also caution that interpretations of the effect of CENP-H or -I depletions on the control of microtubule dynamics [35] have to be evaluated under the consideration that the perturbations may not simply change the overall level of Ndc80 complexes at the kinetochore but, rather, their correct configuration. Our study highlights the complexity of kinetochore assembly and shows that further biochemical reconstitution experiments will be required to elucidate the higher order assembly of a fully functional kinetochore.
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